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Summary

Stable, cationic, binuclear iron complexes with a new cyciobutenylidene
bridge ligand {{Cp(CO).Fel.(Ph,C H)}" X~ (X = ClO,, BF,) have been obtained
by protonating the g-phenylacetylide iron complex Cp(CO),FeC=CPh with the
strong protonic acids HCIO; or HBF, in acetic anhydride. In the presence of
PPh, this reaction results in the formation of metal—vinyl complexes containing
the phosphonium cation {Cp(CO).Fe[C(PPh,)=CHPh]}" X~ (X = Cl0,, BF)).
When Cp(CO),FeC=CPh reacts with HCIO, or HBF, in benzene, acetone or alco-
hol, [CpFe(CO);]* X" ionic complexes (X = ClO,, BF,) are formed. The struc-
ture of the above compounds has been confirmed by IR, 'H and !'*C NMR spec-
tra and X-ray analysis.

Introduction

From the reactions of Pt [1] and Ni [2] acetylide complexes with aleohols in
the presence of strong protonic acids (HPF, or HBF,), cationic organoelemental
_OR ~
N ] X", have been ob-

OR
tained. It was shown [3] that the alkoxycarbene ligand is formed via the inter-
mediate vinylidene carbenium ion Pt—C'=CHR, which is stabilized by the transi-
tion metal ion. Reactions of Cp(CO),FeC=CMe with HCIO, or HBF, in benzene
or ether result in the formation of ionic complexes [CpFe(CO);1* X~ [4]. We
have previously reported [5] * on the synthesis and structure of a stable, cationic,

compounds with the alkoxycarbene ligand, [M—C

* After a preliminary report of our results was submitted for publication in Russian 5], and the pre-
sent communication was prepared for this journal, Davidson and Solar published [12] their synthesis
of the similar dimetallo-stabilized cyclobutenium ion but without the X-ray structural study.
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binuclear iron complex with a new cyclobutenylidene bridge ligand, {[Cp(CO):-
Fel,(Ph,C4H)}* ClO,~, obtained from the reaction of Cp(CO),FeC=CPh (I) with
HCIO, in acetic anhydride. In the present work we discuss in greater detail the
reactions of complex I with the strong protonic acids HCIO, and HBF,, and give
the results of the X-ray analysis of the {Cp(CO),Fe[C(PPh;)=CHPh]}BF..

Results and discussion

The reaction of I with equimolal amounts of HCIO., or HBF, in benzene, ace-
tone or methanol at room temperature, results in the formation of [CpFe-
(CO);]1" X~ iron complexes (where X =.C10, (II), BF, (III)), previously obtained
by other methods [6,7]. The yields of II and III depend on the native of the sol-
vent and increase as one passes from benzene to methanol, from 9 to 79%.

From the reaction of complex I with HCIO, or HBF, in acetic anhydride (ratio
of reagents 1/1), we obtained binuclear iron complexes with an unusual cyclo-
butenylidene bridge ligand (eq. 7.). Compounds IV and V are orange crystalline

H Ph
\ / N
: —I
HX , —70°C -
Cp(CO),FeC==CPh X, o Cp(CO),,Fe=C C—Fe(CO)Cp X 1)
(MeCO0),0 N S
NG
Ph
(X = (:lc)4 (I¥) , S54°% ; BFa4 (I) , 61°%)

substances stable in air. They decompose at 120 and 160°C, respectively. Both
compounds are moderately soluble in conventional organic solvents and insolu-
ble in water. IR spectra of complexes IV and V (in CH,CIl, solution) have
v(C=0) absorption bands at 2010, 2045 and 2057 cm™!. The 'H NMR spectra of
IV and V (in acetonitrile) have the following singlets: § (CsHs) 5.20 and a multi-
plet with a centre §(C¢Hs) 7.65 ppm (ratio of intensities 1/1). The *C NMR
spectrum of complex V (Table 1) is consistent with the structure of this com-
pound. )

Based on the data of X-ray analysis [5], the central part of the cation is
described well by combination A of canonical forms B and C.

\ ’ . \ l,, \ /I’

[
c(8) C

C
+1f2 +1f2 +
Fe(1 )_—_-C/ \C (7)—Fe(2) Fe(1):C/ \C—Fe(2) Fe(1 )—C/ \C——F:Pe(E)
N\ AT N 7 N\
C(8) C C
| | I
(A) (B} (C)

The presgnce of the Fe(1)C(5)C(6)C(7)Fe(2) conjugation chain in the central
part of the cation makes it possible to assume that the positive charge is delo-
calized between the two iron atoms.

The cyclobutenylidene ligand in complexes IV and V seems to originate via
the mononuclear cation (D) stage. The formation of such a cation was previously
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TABLE 1
13C NMR SPECTRAL DATA OF COMPOUNDS V AND VII,

Complex CsHs CO C(1 ) C(3) Cc(2) Cc(4) Ph

{{Cp(CO)2Fel2(PhoCaH) }BF,  88.27  209.74 261.03

Multiplet in the
region of
139.77—128.71

PPhjy
1
{Cp(CO)>FeC(1)—C(2)PhHIBF,; 86.54 168.64 213.41 — 119.30 — Multiplet in the

168.24 region of
134.13—122.94

assumed when studying the reaction of Cp(CO),FeC=CMe in an ethanol solution
of hydrochloric acid [4].

Scheme 1 has been confirmed by the formation of phosphoniuim complexes
VI and VII, resulting from the interaction of the o-phenylacetylide complex of
iron with the studied acids in acetic anhydride in the presence of PPh; (eq. 2).

PPh,

!
Cp(CO) FeC=CPh + HX + PPh, 2\7%3 [Cp(CO).Fe—C=C-HPh]™ X~ (2)

(X = ClO, (VI), BF, (VII))

Complexes VI and VII are yellow crystalline substances with melting points at
183—187°C (dec.) and 199—200°C (dec.), respectively. They are practically
insoluble in water, aliphatic hydrocarbons, benzene and chloroform and rnoder-
ately soluble in alcohols. The IR spectra of complexes VI and VII (in CH,Cl,)
exhibits »(C=0) bands at 1980 and 2028 em™!. The Raman spectrum of VI has
an intensive band at 1538 em™! that can be assigned to the valence vibrations
of the C=C bond. 'H NMR spectra of the complexes (in acetonitrile) contain a
sharp singlet, 6(CsHs) 4.31 and a muitiplet with a centre, 8(C¢Hs) 7.70 ppm.
The chemical shifts of the !3C NMR spectrum of complex VII are given in
Table 1. The structure of VII has been determined by a comprehensive X-ray
study. The crystals of VII are monoclinic, a = 12.050(3), b =15.379(4),¢c =

(continued on p. 298)

SCHEME 1
Cp (CO),FeC=CPh

+
Cp(CO),FeC==CPh + HX ——= [Cp(CO)zFe——C=CHPh] X

(D}
+
+ \ /
Cp(CO),Fe—C=—=CHPh / \
o X~ —= | Cp(COLFe=—=C] C——Fe(CO),Cp x”
PhC==CFe(CO),Cp \ ya

Nt
1



296

(v)e
(€)e—
(€)g—
€)%
(e)5—
(»)1
(€)—
(€)5—
(§214
(98T
)91
(¥)01
en
(g)e—
©)¥
(g)o
(8)0T—

()11—
(€)o1—
()0
(10
(1)o—

€lg

(07—

p 10" + 4ty @ 021gg + ** 4 21z 011g) (¥/1—)1dxo = 4, NI (I11X) SHOLOVI AUNLYVYIAWNEL ANV (40T X S19U10 a1 50T X 24) SWOLV 40 SALVNIGUOO0D

)
)1
(g)o—
(€)9—
WII—
(el
(£)8
(8)g
(§2141
(6)Le
(9)9
(r)e—
(€)p—
(e)1—
(€)e—
(2)g—
(e)o1—

WIL1i—
(e)e—
(e)ge—
(D1—

€l g

()9 §21497 (v)eg ¥ge (N¥681 (9)696T
(€9} ()63 Wy (2)82 M) L933 (9)z8vt
(P (€)3¢ (€201 §2327 (Me128 (6)ST1E
)y— (v)oe (eg (M¥9 (9)9€6¢ (9)£09¢
1428 )ee (1ey (9)e8 (9)¥v09¥ (9)p8ve
@)1t ¥Le (919 (9)¥8 (§21:1:14 (96882
(g)ot (e)ve (v)8¢ )19 (v)1¥8¢ (9)p182
)1 (9)e2 (r)ee (8)9g (regre (v)gguz
o o¢ (9)6¥ (9)99 eLe (9)198¥
(9)01— (@)¥9 (9)09 (LL8 (9)891— (9)6909
(9)¢ ey (9)8% ot (9)022— (9)2999
()g ()1+12 @nv (92TL (9)0L2 (9)99¢g
1§21 (€244 (v)6€ (o)Le o1s (9)199%
(€)— (8)Ve (2125 (¥)av (r)eas (9)ze1d
(€0 (8)ge ee (M6e (9P¥L (9)oo¥e
(€)% ()22 (v)og (LT (1) 108T (NLYeT
w (8)82 (§21: 4 (¥)09 (v)682— (9)9692
Wt hee (viov (9)9¢g (Q)ove (99411
(8)61 (€)Le (8)8¢ €217 (£)086— (+)9908
(€)g— (£)99 (r)eg (8L (v)6ae (¥IL29

(Do Q87X (D1e (Doeg (1)9222 (1)2061
(101 (0)9% MLy (D1¥% (9)eLeT (L1T1V6

tig ttg itg Itg z

(9)eov
(9)963T
(9)898¢
(9)901¥
(8)88%¥
(8)0¥92
(9)2LE2
(9)L862
(9)09€¢
(6)822¢
(01)2822
(8)6¥VT
(91L0T
(9)a083
(9)089%
()9hL2
(L)808T

(L)1e81
(9)L0T1
(9)ogtl
(1)9892
1 (8)LLE8T

& x

(81)0
(L1)D
(91)0
(a1
10
(€1
(210
(11D
(01)0
(6>
(8)0
(LYo
(90
(DO
o
®0
(@0

(1o
(20
(1o
d
a4

wory

¢ d19vil



297

"uoa1d a1e (,y) °'g ‘uotue b 44 Jo swoju ay 04 5

(8)68—
(6)yg—
(8)TL
(9)ge-
(9LT
(e)e—
€)—
e—
(¥)0
(€)e
()
(§:914
o
(9)6—
(91—

(L)og
(9)1—
(6)3L
(9)81
6218
(e)n
(€)6

()6

(e)1—
()o

(2)e—
(e)ot
(y)s1
Wt
(e)e

(9)8
(31)8L
(8)29
(g)9
(9)29
(€)1—
(€229
(€2)74
(€21 48
()1
QL
(©)y—
(9)61—
(9)91—
(€214

(TT)LET
(g)ge

(01)¥6
(8)¥8
@y
(£)ze
ee
ree
§2L:14
)y
(£)9z
P
(8)en
(9)89
()29

L9
(e20)eL?
(1D621

(8)16

(8).01

(v)ee

(rov

(9)9g

(9)89

62177

(v)ge

)Ly

(9)1L

(8)e11

(L)v6

(2)801
(£)99
(968
(e)vor
(D1L
(2)86
()16
(€)3L
(L)89
(8)28
(1D601
(9)sv
(O¥s
ee
(»os
ey
(v)8e
(v)1e
(€)63
e
(¢)ag
(¢)9¢
e

(IT)168L
(6)aLeL
(91)69%9
(9)2¥99
(9)220L
(9)P0LL
(V)6L99
(9)oeoL
(21)262—
(L)8LS—
(11)289—
(6) 48T
(9)19¢
(¥)8261
(¥) 096t
(9)9p£73
(9)00L2
(¥)899%
(¥)0822
(¥)L692
(9)19L3
(9)08€3
(929961

(T2T)VL9T
(6)L¥01
(81)9013
(L)9€92
(9)919T
(9)86€2
(¥)6%aT
(9)0981
(L)oLe
(L1)E09T
(0T)9¥€3
(01)8022
(011981
(9)g61
(9)8Ly—
(g)9ge—
(9)62Y
(Q¥PITT
(¥)200T
(9)EEL
(9)69¥
(8)vb6
(L)P891

(vT)v98T
(31)8612
(12)8982
(6)99L1
(L)LEDT
(9)2091
(9)889
(9)0991
(TT)LT8E
(z1)agg¢e
(ST)v10¥
(8)¥¥a¥
(8)91%¥
(9)99¢¢
(LYIY
(L)e6TS.
(9)£9%9
(9)TTILY
(9)evze
(9)e601
(8)4
(L)TL8—
(L)1L9—

(L)d
(9)d
(9)d
(¥)d
(€)M
(2)d
(1)
d
(€€)0
(2€)0
(1£)0
08)0
(62)0
(82)0
w20
(92)0
(92)0
ve)o
(£2)0
(22)0
(12)0
(02)0
(610



298

16.165(5) A, 8 = 95.03(2)°, D (det.) = 1.39, D(calc.) = 1.40 g cm ™, Z = 4, space
group P2,/n. The structure has been deciphered with the help of the heavy atom
method and refined by the least-squares method in anisotropic-isotropic (for
BF,” atoms) full-matrix approximation to R = 0.076 for 2813 reflections with
{F| = 20 (the experiment was performed on a “Syntex P2,” diffractometer,
A(Mo-K,), graphite monochromator, v/2v scanning, 2v < 50°). The coordinates
of atoms and the temperature factors are given in Table 2.

The structure of the Cp(OC).Fe—C(P'PPh,)=CHPh cation in VII is shown in
Fig. 1, the bond lengths and valence angles are given in Table 3. The coordina-
tion of the iron atom is octahedral, i.e., the usual one for the monocyclopenta-
dienyliron complexes of the CpFe(CO),R type. The CFeC angles are in the range
of 89.9(3)—96.3(3)°, mean distances for Fe—CO 1.76(1) and C—0O 1.15(1) A,
are usual, average FeCO angle is 175(1)°. The average distances Fe—C(Cp)
2.09(1), and C—C(Cp) 1.36(2) A (the latter are somewhat underestimated due
to the considerable librational oscillations of the Cp ligand) are comparable to
those found in other monocyclopentadienyl iron complexes (e.g., in I Fe—C(Cp)
and C—C(Cp) are equal to 2.11(2) and 1.42(3) A respectively, in cis-[(Cp)Fe-
(CO),1, [8] to 2.11 and 1.41 A, respectively).

The length of the o-bond in Fe—C(3), 2.025(6) A, is only slightly less than
the normal length of the o-bond in Fe—C(sp?), 2.04 A, in similar complexes [9].
The length of the uncoordinated double bond C(3)=C(4), 1.35(1) 4, is close to
the standard value of 1.337 A [10]. In accordance with the sp® hybridization of

Fig. 1. The structure of [Cp(CO)>Fe—C(PPh3)=CHPhl}",
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TABLE 3
BOND LENGTHS ¢ AND VALENCE ANGLES OF Cp(OC)>Fe—C(PPh3)=CHPh

Bond d(A) Bond d(A) Angle w(®)
Fe—C(1) 1.741(9) Cc(1)—01) 1.16(1) C(1)FeC(2) 90.8(4)
Fe—-C(2) 1.776(8) C(2)—0(2) 1.14(1) C(1)FeC(3) 96.3(3)
Fe—C(3) 2.025(6) C(29)—C(30) 1.34(2) C(2)FeC(3) 89.9(3)
Fe—C(29) 2.10(1) C(29)—C(33) 1.37(2) FeC(3)P 119.1(3)
Fe—C(3) 2.10Q1) C(30)—C(31) 1.36(2) FeC(3)C(4) 128.4(5) ’
Fe—C(31) 2.07(2) C(31)—C(32) 1.34(3) PC(3)C(4) 112.0(5)
Fe—C(32) 2.08(1) C(32)—C(33) 1.38(3) C(3)C(4)C(5) 129.2(6)
Fe—C(33) 2.10(1) C(3)—C(4) 1.35(1) C(3)PC(11) 112.2(3)
P—C(3) 1.799(6) C(4)—C(5) 1.48(1) C(3)PC(AT) 109.1(3}
P—C(11) 1.804(6) C—C(Ph) 1.38(1) C(3)PC(23) 113.1(3)
P—C(17) 1.800(7) C(11)PC(17) 106.8(3)
P—C(23) 1.799(7) C(11)PC(23) 106.9(3)

C(17)PC(23) 108.5(3)

¢ The average length of the bond B—F in unordered BF 4 is equal to 1.39(2) A.

the C(3) atom, the sum of its valence angles is equal to 859.6°, and, due to the
voluminosity of the Cp(OC), Fe fragment, the FeC(3)C(4) and FeC(3)P angles
are somewhat enlarged (128.4(5) and 119.1(3)°, respectively) when compared
with the C(4)C(3)P angle of 112.0(5)°. The coordination of the P atom is dis-
torted tetrahedral (CPC valence angles 106.8—113.1°) with the average length .
of the P—C bond equal to 1.801(6) A, which is close to the normal P—C(sp?)
values in phosphonium salts (e.g., in [Ph;PCH,Ph] " Cl” [11] the average length
of the P—C(Ph) bond is equal to 1.790 &).

Experimental

Perchloric and tetrafluoroboric acids of concentrations 57 and 40%, respec-
tively, were used in the study. IR spectra were taken on a UR-20 “Zeiss’’ spec-
trophotometer, PMR spectra on a Hitachi-60 spectrometer with a solvent
used as a reference standard. '>C NMR spectra were obtained in CH.Cl, on a
“Bruker HX-90” spectrometer (22.635 Hz). The Raman spectrum was obtained
on a PHO (Coderg) spectrometer with laser excitation. The melting points of
compounds were obtained in sealed capillaries.

Synthesis of {[Cp(CO),Fe].(Ph,C,H)}ClO, (IV)

1.6 g (9 mmol) of HCIO, in 1 ml of acetic anhydride was slowly added, with
stirring, to a solution of 2.4 g (8.6 mmol) of CpFe(CO),C=CPh in 50 ml of ace-
tic anhydride (—70°C). The solution was heated to room temperature and the-
solvent removed under vacuum. By recrystallizing the solid residue from
ethanol, 1.53 g (54%) of orange crystals, decomposing without melting above
120°C, were isolated. (Found: C, 54.43; H, 3.62; Fe, 16.43; Cl, 5.38.

C;0H., Fe,0,Cl (656.47) caled.: C, 54.75; H, 3.35; Fe, 17.00; Cl], 5.40%.)
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Synthesis of {[Cp(CO),Fe] ,(Ph,C,H)}BF, (V)
Obtained similarly to IV from 0.5 g (1.8 mmol) of I and 0.4 g (1.8 mmol) of
HBF,. 0.35 g (61%) of orange crystals, m.p. 160—161°C (dec.) were isolated.

Synthesis of [Cp(CO),FeC(PPh,)=CPhH]BF, (VII)

1 g (3.6 mmo}) of I dissolved in 25 ml of acetic anhydride was added with
stirring, to a solution of 1.4 g (5.35 mmol) of PPh; and 0.9 g (4.1 mmol) of
HBF, in 20 ml of acetic anhydride (—30°C). The solution was heated to room
temperature and the solvent removed under vacuum. Excessive PPh; was washed
away with hot hexane (2 X 20 ml) and the residue recrystallized from ethanol.
1.2 g (53%) of yellow crystals, m.p. 199—200°C (dec.) were isolated. (Found: C,
62.80; H, 4.12; Fe, 8.65; F, 12.14; P, 4.94. C33H,,FeO,PBF, (628) calcd.: C,
63.00; H,4.13; Fe, 891; F, 12.10; P, 4.93%.)

Synthesis of {Cp(CO),Fe[C(PPh;)=CHPh]}CIO, (VI)

Obtained in the same way as VII from 0.75 g (2.85 mmol) of PPh;, 0.5 g (1.8
mmol) of T and 0.32 g (1.80 mmol) of HCIO;. 0.66 g (57%) of yellow crystals,
dec. temp. 183—187°C, were isolated.
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